Purpose: The aim of this study was to examine the translaminar pressure difference (TLP) in Caucasian patients with normal tension glaucoma (NTG) and its possible impact onto the pathogenesis of NTG. Methods: Retrospective analysis of medical records of patients with open-angle glaucoma (OAG) in the period from 2005 to 2015 from the Ophthalmology Department, Cantonal Hospital Aarau, Switzerland. A total of 67 eyes of 38 patients (mean age 68.6 AE 11.3 years, 21 women and 17 men) fulfilled the diagnostic criteria of progressive NTG and underwent lumbar puncture (LP) during computer-assisted cisternography (CT -cisternography). The intraocular pressure (IOP) and lumbar cerebrospinal fluid pressure (CSF-p) were analysed and the TLP calculated. The TLP was compared with the mean defect (MD) of visual fields. Statistical analysis was performed with the one and two-tailed paired and unpaired t-test and the non-parametric Spearman correlation test. Results: The mean lumbar opening CSF-p measured 11.6 AE 3.7 mmHg. The mean IOP in the right eye measured 14.7 AE 2.4 mmHg, in the left eye 14.7 AE 2.5 mmHg. The calculated mean TLP was 3.0 AE 4.2 mmHg in the right and 3.3 AE 4.3 mmHg in the left eye. There was no significant correlation between TLP and the MD of visual fields in both eyes. Conclusions: This study did not confirm either a lower lumbar CSF-p or increased TLP compared to previous retrospective and prospective studies. As cerebrospinal fluid (CSF) flow is not homogenous throughout all CSF spaces and CSF-p and IOP fluctuate, the current view on TLP needs modifications to improve its validity.
Introduction
The lamina cribrosa (LC) is a collagenous meshwork located at the posterior globe that demarcates the intraocular space from the retrobulbar space. There, the post-ganglion axons transverse the LC through hundreds of pores and form the optic nerve (ON) within the subarachnoid space (SAS) that is filled with cerebrospinal fluid (CSF). The pressure within the SAS of the ON is referred to as the intracranial pressure (CSF-p), whereas the pressure within the eye globe is called intraocular pressure (IOP). The LC acts as the boundary between IOP and CSF-p and the pressure between the LC is called the translaminar pressure (TLP), defined as: TLP = IOP-CSF-p (Jonas et al. 2003) .
Intraocular pressure (IOP) is the leading risk factor for glaucoma. Vascular dysregulation as well has been suggested to be linked to the pathophysiology of glaucoma (Flammer et al. 2002) . While an increased IOP can be lowered medically and surgically, vascular dysregulation is more difficult to influence (Flammer et al. 2002) . Despite of normalized IOP and improved blood flow to the ON, there is a substantial group of patients with open-angle glaucoma (OAG) with progressive visual field loss in spite of normalized IOP and improved vascular perfusion (Flammer et al. 2002; Mi et al. 2014) . For these patients, in particular, TLP has been suggested to be a risk factor [(Berdahl et al. 2008a,b; Ren et al. 2010 Ren et al. , 2011 Jonas et al. 2013 Jonas et al. , 2014 Jonas et al. , 2016 ].
Several studies (Berdahl et al. 2008a, b; Ren et al. 2010; Jonas et al. 2013; Siaudvytyte et al. 2014 Siaudvytyte et al. , 2015a dealing with TLP, reported a reduced CSF-p in OAG patients, particularly when there IOP is low [also known as normal tension glaucoma (NTG)] (Berdahl et al. 2008b; Ren et al. 2010; Siaudvytyte et al. 2014 Siaudvytyte et al. , 2015a . In contrast, CSF-p in patients with ocular hypertension (OHT) was elevated, leading to a decreased TLP difference (Berdahl et al. 2008b; Ren et al. 2011; Jonas et al. 2014; Siaudvytyte et al. 2014) . It has been suggested that glaucomatous damage in patients with NTG might result from an abnormally high TLP (Berdahl et al. 2008a,b; Ren et al. 2010; Jonas et al. 2013; Siaudvytyte et al. 2014) , whereas in OHT (Berdahl et al. 2008b; Ren et al. 2011; Jonas et al. 2014; Siaudvytyte et al. 2014 ) an elevated CSF-p provides a protective counterbalance against the elevated IOP.
This study evaluates the concept of TLP in a group of Caucasian NTG patients.
Patients and Methods
This retrospective study was approved by the local ethical commission (Ethikkommission Nordwest-und Zentralschweiz) and conducted in accordance with the Declaration of Helsinki.
Seven hundred and fifty-three medical records of patients with OAG in the period from 2005 to 2015 from the Ophthalmology Department, Cantonal Hospital Aarau, Switzerland were retrospectively analysed. Of these, 38 patients (21 women and 17 men, a total of 67 eyes), fulfilled the inclusion criteria: progressive NTG and procedure of lumbar puncture (LP).
Normal tension glaucoma was diagnosed on the base of glaucomatous optic disc cupping on ophthalmoscopy and concomitant visual field (VF) defects confirmed by ON head photography (monoscopic colour photograph) and ON fibre layer loss using Heidelberg spectral domain OCT (HEYEX, red sector on colour code compared to normative database, Heidelberg engineering, California, USA). Intraocular pressure (IOP) (untreated and treated) was always <21 mmHg (IOPmax < 21 mmHg) and the VF mean defect (MD) was ≥3 decibel (dB) shown by using standard automated perimetry (SAP) (Program G2, Octopus Haag-Streit, Switzerland) at time of LP. Progression was assessed by progressive loss of VF measured in MD based on trend analysis on SAP. The interpretation of the ophthalmoscopy, SAP, OCT and the ON head photographs was performed by two experienced glaucoma specialists (HE. K. and G.J.).
Lumbar puncture (LP) was performed during computer-assisted cisternography (CT -cisternography) if an ON-sheath compartment syndrome was suspected ). An ON-sheath compartment is defined as a partly or completely separation of the SAS of the ON from the intracranial CSF spaces (suprasellar cistern) and is demonstrated by CT-cysternography. Resulting ON damage is likely due to an elevated local CSF-p and reduced CSF turnover with reduced clearing of CSF in association with VF loss (Killer & Subramanian 2014) .
Each patient underwent full ophthalmologic examination including slit lamp-assisted biomicroscopy, applanation tonometry, gonioscopy, measurement of central corneal thickness, SAP and neuroretinal rim assessment by using OCT.
For each patient, IOP was measured at least four times at different times during the day (between 8 a.m. and 8 p.m.) in a seated position, using Goldmann applanation tonometry and twice at night (between 9 p.m. and 6 a.m.) in a recumbent position, using Perkins tonometry. Intraocular pressure measurements analysed in this study were performed during the same stay in the hospital at the same day as LP and CT cisternography were obtained. All IOP measurements were examined for its dependence on central corneal thickness to exclude falsenegative values (Shah 2000) . For the calculation of TLP the mean of all six IOP measurements were used. Intraocular pressure (IOP) lowering treatment consisted of topical applied prostaglandin analogues, b-blockers, carbonic anhydrase, a-agonists and combinations of these medications.
Lumbar puncture (LP) was performed at the same institution, by the same neuro-radiologist (L.R.) and masked to the objects at the beginning of CT -cisternography. None of the patients was on a medication that would influence the production or resorption of CSF. Lumbar puncture (LP) was performed with a 20-gauge spinal needle in a decubitus position, whereas pressure measurements were obtained in the lateral recumbent position. After fluid returned from the needle a 50-cm manometer was attached and the height of the H 2 O column recorded. To consider the full range of CSF-p two measurements were obtained, the initial opening pressure (OP) and the pressure after the patient was instructed to press (VP = Valsalva manoeuvre pressure). During measurements of the OP the patient's legs were straightened and the patient was asked to remain calm to avoid a Valsalva manoeuvre. 
Results
Thirty-eight patients (mean age 68.6 AE 11.3 years), 21 women (71.1 AE 9.8 years) and 17 men (65.7 AE 12.6 years) fulfilled the inclusion criteria: a total of 67 of 76 eyes (38 eyes in women and 29 eyes in men).
In the 38 NTG patients, the initial CSF opening pressure (OP) ranged from 5.9 to 22.1 mmHg (mean value 11.6 AE 3.7). Opening pressure ranged from 7.4 to 18.4 mmHg (mean value 11.1 AE 3.3) in females (n = 21) and 5.9 to 22.1 mmHg (mean value 12.1 AE 4.2) in males (n = 17) ( Table 1) . During Valsalva, the CSF-p (VP = Valsalva manoeuvre pressure) ranged from 8.8 to 36.8 mmHg (maximum of used manometer) (mean value 25.9 AE 8.8). Valsalva manoeuvre pressure ranged from 14.0 to 36.8 mmHg (mean value 24.1 AE 7.9) in females (n = 21) and 8.8 to 36.8 mmHg (mean value 27.2 AE 9.8) in males (n = 17) ( Table 1) . The difference between the OP and VP showed statistical significance (paired one-tailed t-test: p < 0.0001) (Fig. 1) .
Between males and females, in both OP and VP, there was no statistically significant difference (unpaired twotailed t-test; p = 0.38 for OP, p = 0.17 for VP). There was no statistically significant correlation between CSF-p and age (Spearman's correlation coefficient (q) for OP and age: q = À0.10, p = 0.54; for VP and age: q = 0.10, p = 0.55).
Intraocular pressure (IOP) values ranged from 10 to 20 mmHg in the right eye and 8 to 19 mmHg in the left eye (mean values OD (oculus dexter): 14.7 AE 2.5, oculus sinister (OS): 14.7 AE 2.4). In females (n = 21) IOP ranged from 10 to 20 mmHg in the right eye and 8 to 19 mmHg in the left eye (mean values OD: 14.3 AE 2.6 and OS: 14.5 AE 2.6) and in males (n = 17) from 12 to 18 mmHg in the right eye and 10 to 18 mmHg in the left eye (mean values OD: 15.2 AE 2.4, OS: 15.0 AE 2.0) ( Table 1 ).
There was no statistically significant difference neither between the right and the left eye (unpaired two-tailed t-test; p = 0.99) nor between females and males (unpaired two-tailed t-test; p = 0.30 for OD, p = 0.54 for OS). No statistically significant correlation was found between IOP and age (Spearman's correlation coefficient (q) for IOP (OD) and age: q = À0.21, p = 0.27; for IOP (OS) and age: q = À0.08, p = 0.65).
A bivariate analysis comparing CSF-p with IOP showed no statistically significant correlation; nor was there a correlation between OP and IOP or between VP and IOP in both, the right and the left eye. (Spearman's correlation coefficient (q) for OP and IOP: OD: q = 0.15, p = 0.49, OS: q = 0.01, p = 0.99; for VP and IOP: OD: q = 0.05, p = 0.80, OS: q = 0.15, p = 0.39).
For the TLP, using OP [TLP (OP)], the calculated arithmetic mean in all 67 eyes was 3.2 AE 4.2 mmHg. In the right eye the TLP ranged from À6.1 to 11.2 mmHg (mean value: 3.0 AE 4.2 mmHg) and in the left eye from À7.1 to 10.2 mmHg (mean value: 3.3 AE 4.3). Using VP [TLP (VP)], the calculated arithmetic mean was TLP was calculated according the formula TLP = IOP-CSF-p (mmHg). Intraocular pressure (IOP) (mmHg) was measured at the same day as lumbar puncture was performed. Lumbar cerebrospinal fluid pressure (CSF-p) (mmHg) subdivided into initial opening pressure (OP) and the pressure after Valsalva manoeuvre (VP). Age for male (m) and female (f) in years.
negative: À10.3 AE 8.8 mmHg. In the right eye it ranged from À24.8 mmHg to 8.2 mmHg (mean value: À9.9 AE 9.1) and in the left eye from À24.8 mmHg to 7.2 mmHg (mean value: À10.7 AE 8.6) ( Table 1) . Comparing the TLP (OP) with the TLP (VP) a highly statistically significant difference was shown (unpaired twotailed t-test; p ≤ 0.0001) (Fig. 2) . The mean VF MD in all 67 eyes at time of LP was 13.2 AE 7.2 dB, whereas in the right eye it was 13.0 AE 7.3 dB and in the left eye 13.4 AE 7.3 dB (Table 2) .
There was no statistically significant correlation between the VF MD and the TLP using OP neither for the right nor for the left eye (Spearman's correlation coefficient (q) for TLP (OP) and MD for OD: q = 0.22, p = 0.23, for OS: q = À0.05, p = 0.78) (Fig. 3) .
Discussion
This study on Caucasian NTG patients showed a mean TLP of 3.2 AE 4.2 mmHg. There was no correlation between TLP and VF mean defects (MD). Several weaknesses in the current concept of TLP might explain these results.
Pre-laminar pressure: the problem with a single measurement of IOP
The term translaminar describes the area in front and behind the LC. The area in front of the LC lies within the eye and pressure forces operating towards the anterior side of LC are determined by IOP. However, the IOP, used in the formula for TLP (TLP = IOP-CSF-p) is based on single measurements in a specific eye and ON position. Average IOP is 16 AE 2.5 mmHg in a healthy population (Trattler et al. 2012 ), a value similar to the mean IOP in our study (14.7 AE 2.5 mmHg for the right and 14.7 AE 2.4 mmHg for the left eye).
Eye pressure, however, varies and fluctuates over time (Liu et al. 2005) and IOP is affected by numerous independent variables (Coleman et al. 1991; Whitacre & Stein 1993; Eysteinsson et al. 2002) . As the IOP underlies long (months, years) and short-term (diurnal and nocturnal) fluctuations with the highest peak most often in the early morning hours (Liu et al. 2005 ) a single recording represents only the pressure at a certain time. This flaw can neither be eliminated by choosing always the highest or the closest IOP to lumbar CSF-p measurement (Berdahl et al. 2008b) as the corresponding lumbar CSF-p at that time is not known and a correlation between IOP and CSF-p is missing. The region behind the LC is composed of the ON, the SAS of the ON and the ON-sheath. The post-laminar pressure is measured during LP between L3 and L5, at a site about 100 cm distant from the LC. Should not the proper term for the pressure measured at that site therefore rather be lumbar CSF-p? As the CSF-p plays a crucial role in the concept of TLP the need for a noninvasive method to measure CSF-p is evident. Xie et al. (2013) developed a formula to estimate the CSF-p and Jonas et al. (2015) showed a good correlation between TLP in patients with OAG compared to patients with acute angle closure glaucoma, thereby highlighting the role of CSF-p in OAG. A review by Siaudvytyte et al. (2015b) discussed different non-invasive methods such as transcranial Doppler, ophthalmodynamometry (ODM) and the value of the ON-sheath diameter (ONSD) as surrogates for CSF-p. The group also presented the concept of the non-invasive two-depth transcranial Doppler device (TCD) that measured the CSF-p close to the region of interest and allows to distinguish the pressure in both subarachnoid spaces (Siaudvytyte et al. 2015b ).
As the region of interest lies behind the LC the question arises whether it is appropriate to extrapolate the lumbar CSF-p reading to the intracranial pressure? There are only a few studies (Smyth & Henderson 1938; Kaufmann & Clark 1970; Magnaes 1976; Williams 1981a,b; Morgan et al. 1998; Lenfeldt et al. 2007 ) that systematically compared the lumbar pressure to the intracranial pressure. Lenfeldt et al. (2007) compared the lumbar pressure to the parenchymal pressure in ten patients with normal pressure hydrocephalus and concluded the two measurements were compatible -given that the CSF pathways are patent. However, there is considerable experimental (Marmarou et al. 1975; Furuse et al. 1981; Abe et al. 1984 ) and clinical (Kaufmann & Clark 1970; Magnaes 1976; Rosenwasser et al. 1989; Cardoso & Kupchak 1992) evidence that CSF-p is not evenly distributed within the central nervous system (CNS). Several studies (Kaufmann & Clark 1970; Marmarou et al. 1975; Furuse et al. 1981; Abe et al. 1984; Rosenwasser et al. 1989; Cardoso & Kupchak 1992) described inter-compartmental pressure gradients between all pressure-relevant compartments of the CNS (inter-hemispheric, transmantle, between supra and the infratentorial space, within the cerebrospinal axis) in patients of all ages. These gradients are believed to reflect, at least in part, true regional differences in CSF-p (Mindermann 1999) . The underlying pathomechanism for the existence of pressure gradients within the CNS were discussed by the compartmental structure of the CNS with its multiple and rigid subdivisions. Further might the plasticitiy of the brain and the rather small and vulnerable areas of unrestricted fluid communication within the complex CSF space configuration play a casual role (Mindermann 1999) . A retrospective study from Fleischman et al. (2012) examined lumbar CSF-p in different age groups and found a significant reduction in CSFp with age that begins in the 6 th decade. This study could not find a significant relationship between the lumbar CSF-p and age. A possible explanation might be that the patients examined in this study are within a rather small range of age around 68 years (mean age 68.6 AE 11.3 years).
Interspinal CSF-pressure gradients Similar to intracranial pressure gradients, CSF-p varies within the SAS of the spinal axis (Smyth & Henderson 1938; Kaufmann & Clark 1970; Whedon & Glassey 2009 ). Simple evidence for dynamic pressure alterations within the spine have been already observed by Queckenstedt in 1916, when he described his test for blockage of the spinal SAS. These pressure gradients are thought to arise by communication between the CSF and intrathoracic pressure, through the venous system (Williams 1976) . The same mechanism appears during a Valsalva manoeuvre, coughing and sudden postural changes, leading to large and abrupt CSF-p fluctuations in the spinal SAS (Magnaes 1976; Martin & Loth 2009 ). In a study from Williams (1981b) the maximum craniospinal (lumbar-cervical) longitudinal pressure dissociation (LPD) in healthy persons during coughing and Valsalva were examined and he found a LPD of 30 mmHg for about 1-2 seconds. In patients with CSF flow blockage due to syringomylia, for example LPD was found to be in excess of 100 mmHg, persisting for more than 10 seconds (Williams 1981a, b) .
According to above mentioned observations, our data show a highly significant difference (p < 0.0001) between the opening lumbar pressure (OP) obtained in a relaxed state and the pressure measured after the patient was instructed to press, mimicking a Valsalva manoeuvre (VP) (11.6 AE 3.7 mmHg versus 25.9 AE 8.8 mmHg). Even within one measurement session, pressure differed considerably from 5.9 to 22.1 mmHg in the OP, respectively, from 8.8 to 36.8 mmHg in the VP. Such differences occur as well during daily activities and changing postures. Thus, dealing with TLP, we should consider that the lumbar CSF-p used in our calculations is by far not an absolute value and it is highly unlikely, that the pressure in the SAS of the spine equals that in the cranial CSF spaces and at the same time the pressure in the SAS of the ON. In addition to Valsalva manoeuvre the CSF-p also depends on the position of the body (horizontal versus vertical position) (Magnaes 1976) . The effect of CSF-p fluctuations such as during Valsalva manoeuvres as a risk factor for glaucoma was considered by Zhang et al. (2014) , Wostyn et al. (2015) and Wostyn et al. (2011) . According to these authors it is still not clear whether Valsalva manoeuvres reverse the TLP gradient or cause damage by shear stress on axons and alterations in blood flow. 
TLP: The problem with the area under the curve
Another point that needs to be addressed in the context of TLP is the area involved in TLP. As pressure is defined as force over area, the area needs to be specified. In the case of TLP the area in question is not a circle, but a complex arrangement of ovaloid and quasi circles arranged within an annulus (Fig. 4) . The problem becomes even more complex when we take into consideration that the ON moves constantly and that IOP changes [e.g. during eye movements (Green & Luxenberg 1979) ] result in shear stress on the level of the optic disc. Thus, the CSF space at the level of the LC is not defined and no data concerning this area are applied in the considerations of TLP. Therefore, the forces suggested in TLP cannot be known and not be calculated.
SAS-compartmentation (in NTG) -a property of the ON influencing flow and pressure
A compartment is defined as a space that is separated from its environment. In the case of an ON-sheath compartment the SAS of the ON becomes partly or completely separated from the pituitary cistern from which CSF enters the SAS and has been reported in NTG . The effect of hydraulic pressure and meningothelial cell (MEC) proliferation are presumably causes in the development of an ON-sheath compartmentation (Killer & Subramanian 2014) . The pressure in the comparted SAS of the ON is therefore likely to differ from pressures in other CNS spaces. This hypothesis is supported by a study ) that demonstrated larger ONSD (ON plus SAS plus sheaths) in NTG despite a non-elevated lumbar CSF-p. However, in none of the recent studies performed on TLP, ON-sheath compartment syndrome has been considered.
TLP
Cerebrospinal fluid pressure has been reported to be lower in NTG when compared with patients with high pressure glaucoma and non glaucomatous control subjects (Berdahl et al. 2008b; Ren et al. 2010; Siaudvytyte et al. 2014) . It has been suggested that low CSF-p in patients with normal IOP leads to an abnormally high TLP resulting in pressure induced mechanical axon damage at the LC (Berdahl et al. 2008a,b; Ren et al. 2010; Jonas et al. 2013) . The mechanism has been explained by a direct strain on the LC and consequently impaired axoplasmatic flow (Ren et al. 2010) . However, in the study by Berdahl et al. (2008b) the calculated TLP is higher in the OHT group compared with that in the OAG group (8.4 mmHg in OHT versus 6.1 mmHg in high tension OAG versus 5.0 mmHg in NTG) which is difficult to explain with a normal ON appearance as expected in OHT. Several experimental studies (Hayreh 1968; Coleman et al. 1991; Yan et al. 1994; Heickell et al. 2001) do not support the idea that low CSF-p causes detectable changes in the LC as bowing back and optic disc cupping (Hayreh 2009 ). Given the CSF-p exceeds IOP during Valsalva manoeuvre the TLP is negative (mean TLP using VP: À10.3 AE 8.8 mmHg). As both the CSF-p and the IOP fluctuate independently and over time, we have no knowledge about the correlation of neither maximum nor minimum amplitudes of these two wavelike curves. Therefore, the estimation of TLP would be best done by simultaneously measuring both.
As this has not been performed, in the formula TLP = ƒ (DF1/A, t1)Àƒ (DF2/DA, t2), we are dealing with two non-dependent and ever-changing variables to a definite time.
Unlike previous studies using invasive lumbar CSF-p measurement (Berdahl et al. 2008b; Ren et al. 2010 ) this study did not confirm either an increased TLP (mean TLP, this study: 3.2 AE 4.2 mmHg (n = 38) versus Berdahl et al. (2008b) : 5.0 AE 4.4 mmHg (n = 11), Ren et al. (2010) : 6.6 AE 3.6 mmHg (n = 14) nor a lower lumbar CSF-p [mean OP, this study: 11.6 AE 3.7 mmHg (n = 38) versus Berdahl et al. (2008b) : 9.3 AE 3.2 mmHg (n = 11), Ren et al. (2010) : 9.5 AE 2.2 mmHg (n = 14)] in European Caucasian NTG patients. Furthermore, there was no correlation between TLP and the glaucomatous VF MD in either the right or left eye.
One explanation for this discrepancy is our purely Caucasian population of one institution in contrast to the prospective study from Ren et al. (2010) , in which the examined study group were an Asian population. As the prevalence for NTG is much more frequent in Asia (Cho & Kee 2014) this might be a decisive factor implying a possible genetic component. The data in the retrospective study by Berdahl et al. (2008b) performed in the USA lacks information about the genetic background of the patients, thereby inducing a probable bias of that kind. Given the difference in population, Asian versus Caucasians versus African-Americans versus Hispanics, etc., genetic influences need to be considered as well.
The major weakness of this study is the missing of a control group. As LP is an invasive diagnostic procedure it can not be performed in healthy and therefore such data is not available for us. The typical patient that undergoes LP suffers from central nervous diseases and is therefore not suitable as a control. As there exist data from other studies (Berdahl et al. 2008b; Ren et al. 2010) , using invasive lumbar CSF-p measurement, we used such measurements for comparisons to our results. A further problem is the retrospective nature of the study, a weakness shared by other studies (Berdahl et al. 2008a,b) cited in the literature.
The data presented in the current retrospective study in a homogenous Caucasian population of NTG patients shows no lower lumbar CSF-p or To calculate the TLP these areas need to be known. Due to the individual volume of each compartment the pressure may vary from compartment to compartment, 1 to 2, 2 to 3, etc.
increased TLP in contrast to previous retrospective and prospective studies using invasive lumbar CSF-p measurement. We suggest that future studies on TLP should be performed as close as possible to the region of interest, the ON.
